Monitoring was conducted at two urban spatial scales (lot-scale road surface and residential subdivision) to assess treatment requirements for non-potable stormwater reuse by irrigation. A screening-level risk assessment was also made focusing on metals, nutrients, cations and pesticides.
INTRODUCTION
Stormwater reuse in Australia and elsewhere is becoming acceptable practice to supplement urban water supplies, especially for non-potable uses. The design and performance of a reuse system, involving the capture, storage, treatment and reticulation of stormwater, is expected to be closely linked to the scale at which the proposed system will operate. Figure 1 illustrates three spatial scales common within the urban landscape, ranging from 'lot-scale' small individual surfaces (order <1 ha) to 'subdivision-scale' of moderately sized development (order 1 to >100 ha) with homogeneous landuse to 'catchment-scale' urban areas (order >>100 ha). The three scales represent a continuum within the urban stormwater system; the lot-scale surfaces form the components of a subdivision and, in turn, the various subdivisions form an urban catchment.
From a water quality perspective, stormwater treatment requirements will vary amongst other factors, with the spatial scale. A small reuse system treating road runoff would have a treatment technology specific to the polluted characteristics of this type of surface runoff. For a larger system servicing a residential subdivision, the stormwater quality is expected to differ due to runoff contributions from surfaces other than roads. The variation in runoff quality between different surfaces can be significant. Brodie & Dunn () , for example, found from stormwater sampling that average suspended solids concentration in road runoff can be up to 22-fold and five-fold the respective concentrations of roof and carpark runoff. As scale increases to a catchment with a mix of landuses, the stormwater quality may again differ because of, for example, the increased presence of wet weather sewer overflows and creek erosion caused by urban runoff. Soil disturbance during construction activity can also lead to poor stormwater quality, leading to increases in suspended solids loads by a factor of 100 or more (Pisano ).
The above discussion highlights the low likelihood that a 'one size fits all' approach will apply to the treatment requirements of harvested urban stormwater. This paper investigates these treatment requirements and also provides an initial risk assessment through stormwater monitoring conducted at two scales; a lot-scale road surface and a low-density residential subdivision. Data collection was undertaken at Toowoomba which is a regional city located in South East Queensland, Australia (see Figure 2 ). These practices were developed based on untreated stormwater quality data compiled from the literature. There is a lack of Australian data for some parameters, including boron and herbicides, and the risk assessment was also based on monitoring data from different catchment types (e.g. road, industrial) pooled together into a single urban category (NWQMS ). Additional catchment monitoring, such as the Toowoomba study, is of value to further refine the assessment of stormwater reuse risks.
Stormwater harvesting is in its infancy in

METHODS
Selected water quality parameters
The selected water quality parameters (Table 1) Table 1 were classed in the following groups: metals, nutrients and chemicals (specifically pesticides). Cations were also included as the application of irrigation water with a high sodium adsorption ratio (SAR) and low salinity can lead to poor soil structure and sodicity (Rengasamy & Olsson ) . Other parameters that warrant consideration are pathogens, hydrocarbons, phenolics and anionic surfactants but were outside the scope and budget of an initial screening-level assessment.
Stormwater sampling
Details of the two sampling sites are presented in Table 2 . 
RESULTS AND DISCUSSION
Treatment characterisation
Results of sample analyses for treatment characteristics are compiled in Table 3 Salient points based on the measured data, with reference to expected untreated stormwater concentrations (from NWQMS ) are:
• Median road stormwater concentrations were higher than subdivision values with the exception of faecal coliforms, hardness and alkalinity.
• Faecal coliforms in road and subdivision stormwater were measured at relatively low concentrations and hence require disinfection rates of 0.6-2.2 log-reductions, respectively. Ultraviolet light is the most common disinfection treatment in Australia to treat stormwater (Hatt • Biological oxygen demand (BOD 5 ) and total dissolved solids (TDS) concentrations for both road and subdivision stormwater are low and no organic load or salinity reduction is required. No pH adjustment is generally required, except for a single road sample recording of 5.7. This outcome suggests that road runoff is slightly acidic, as documented by Duncan (), and pH adjustment may be occasionally required.
• Treatment to achieve water clarity is necessary, although less so for the subdivision stormwater. Requirements based on maximum turbidity are 98 and 80% for road and subdivision, respectively.
• The median volatile suspended solids/total suspended solids (VSS/TSS) ratio is 50% for subdivision stormwater, significantly higher than the median 25% determined for road runoff. A large proportion of suspended particles consisting of organic matter of low specific weight (typically 1.1, from Lawrence & Breen ) has design implications for treatment systems based on particle settling.
• Total organic carbon (TOC) is generally low, but any chlorine treatment design should allow for the possibility of disinfection byproducts, such as trihalomethanes, known to be carcinogenic.
• Oils and grease have a mode of treatment different to other pollutants. The low measured concentrations are unlikely to require specific unit processes or inhibit other treatment mechanisms.
• Hardness, expressed as CaCO 3 equivalent, was low and • Alkalinity is a measure of capacity to neutralise acids and represents the bicarbonate-carbonate character of the water. Because of its buffering effects, alkalinity is important in particle coagulation. Based on a classification system proposed by Pitt et al. (), which uses turbidity and alkalinity, the subdivision samples fall into a Class IV category. This is a 'low' turbidity (<10 NTU), 'low' alkalinity (<50 mg/L) water which is the most difficult water to coagulate. Addition of alkalinity or turbidity is expected if alum or ferric chloride is used. In comparison, the road samples are a Class II category of 'high' turbidity (>100 NTU), 'low' alkalinity (<50 mg/L) water which is relatively easy to coagulate. Cationic polymers are very effective, while anionic and non-ionic polymers may also be effective.
Alkalinity may need to be added for alum or ferric chloride coagulation, if pH falls during treatment (<5 for alum, <6 for ferric chloride). 
Pollutants of concern
The results of metal analyses are presented as a comparison plot (Figure 3 • Barium is not included on the list of metals in NWQMS () having a LTV in irrigation water, so is assumed to be of no significant concern.
• Iron was identified by the NWQMS screening-level • Manganese can also precipitate out to clog irrigation equipment and can cause the formation of black bacterial slime which also reduces the efficiency of water application. The measured road runoff quality for manganese ranged from <0.0025 to 0.35 mg/L. The irrigation water targets are the same as iron (LTV¼ 0.2 mg/L, STV¼ 10 mg/L). As the manganese concentrations in the raw stormwater are comparatively low, the risk of clogging by bacterial slime build up is considered to be small.
• The LOD for mercury was 0.01 mg/L and all samples exhibited concentrations below this limit. Due to this accuracy limitation, it cannot be stated definitively that the measured concentrations were above the typical concentrations reported in NWQMS ().
• Measured nickel concentrations in road runoff are consistently higher than the adopted NWQMS values.
However, the maximum measured nickel concentration (0.1 mg/L) is below the LTV in irrigation water (0.2 mg/L) and is thus considered to be within acceptable limits.
A similar comparison can be performed for the nutrients included in the NWQMS screening analysis. Selected nutrient concentrations for the measured stormwater and adopted NWQMS statistics are presented in Figure 4 .
Based on the similarity test, the measured road and subdivision runoff were 'similar to or better than' the adopted NWQMS raw stormwater concentrations and thus the nutrient load is generally considered to be a low irrigation hazard. Median nutrient concentrations in road stormwater were above the subdivision values.
Some metals were not included in the NWQMS screening evaluation but were included in the analytical suite.
In this case, the measured metal statistics of the stormwater samples were compared with their respective LTV in irrigation water ( Figure 5 ). For the prescribed metals having LTVs, the measured runoff concentrations are below these LTVs and hence are within acceptable limits.
No LTV values are assigned for antimony, silver, strontium, tin and titanium, so it is assumed that these metals are not of significant concern. With the exceptions of beryllium, strontium and cadmium, the median metal concentrations in road stormwater samples were above the subdivision concentrations. The cations sodium, calcium and magnesium are also included as pollutants of concern (Table 1) Simazine is a triazine herbicide used to control broadleaved weeds and remains active in the soil for up to 7 months after application. It is linked to cancers and human endocrine disorders and is banned in the European Union. Hexazinone is also a triazine herbicide used for the control of some grasses, broadleaf weeds and some woody species, by inhibiting photosynthesis. It is relatively persistent in soils with a mean half-life of 90 days, but is watersoluble and can contaminate groundwater and surface waters (Tu et al. ) .
In the absence of specific trigger values for stormwater harvesting, the more stringent Australian drinking water guidelines (NHMRC and NRMMC ) were used to evaluate the pesticide contamination in the collected samples.
Guideline limits for pesticides are based on the analytical LOD, which for Simazine and Hexazinone has been set at 0.0005 and 0.002 mg/L, respectively. The measured concentrations in the road runoff samples were below these guideline values and are thus within acceptable limits.
CONCLUSIONS
Stormwater treatment requirements were assessed by monitoring at two urban spatial scales: a lot-scale road surface and a low-density residential subdivision. Based on the faecal coliform indicator, disinfection is needed but the requirement for road runoff disinfection is less than that for the subdivision runoff. No BOD 5 or salinity (TDS) treatment is required and pH adjustment is anticipated to be an occasional requirement for road runoff only. The treatment targets are based on a non-potable use assuming unrestricted spray irrigation.
Hardness of the road and urban residential stormwater was rated 'very soft' (calcium carbonate <60 mg/L). This is a low hardness, which may increase the corrosion potential to treatment and irrigation equipment. The high turbidity and low alkalinity of the road runoff makes it relatively easy to treat with coagulants. The lower turbidity of the residential area runoff makes it a more difficult raw water to coagulate and addition of alkalinity or turbidity may be required. The proportion of low-density organic particles was greater in the residential runoff (median 50%) than the road runoff (median 25%) and this has implications to the particle removal efficiency of treatment systems based on settling.
It was found from a screening-level risk assessment that for road runoff, there is a medium risk of clogging by iron deposition within irrigation systems in the medium term (20 years' operation). The risk of soil degradation, as indicated by the SAR was found to be low in both road and subdivision stormwater. Median nutrient concentrations in road stormwater exceeded subdivision concentrations, but represent a low irrigation hazard. This outcome was also generally the case for metal concentrations.
Pesticide analyses were conducted on the road runoff (three samples) and of the 121 pesticide compounds tested, all except Simazine and Hexazinone were below their limit of detection. Although at detectable concentrations, the presence of these pesticides in the water samples was within Australian drinking water guidelines.
